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Summary

This paper reports experiments on an unstesdy turhlnr. bouadary
layer. The upstresm portion of the flow 1 steidy (in the wess). 1Ia
the downstream region, the boyndary layer sses s limesrly decressing
free~stresm velocity. This velocity gradient oscillstes in time, at
frequencies ranging from szero to approziastely the bufstimg frequesncy.
Congiderable detail is reported for a low-amplitude case, and preliminery
results asre given for a higher amplitude sufficient to produce some re-
verse flowv. For the small amplitude, the mean velocity sod mesn turbu-
lence 1intensity profiles are usaffected by the oscillations. The
amplitude of the periodic velocity component, although as msuch as 70%
greater than that in the free stream for very lov fragquencies, beiomes
equal to that in the free stream at higher frequencies. At high frequen-
cies, both the boundary layar thickness and the Raynolds stress distribu-
tion across the boundary layer become froszen. Ihe behsvior st larger
amplitude is quite similar. Most importantly, at sufficieotly high fre-
quencies the boundary 1layer thickness remains frozen at its mean value
over the oscillation cycle, even though flow rmm- pear the wall during
a part of the cycle.

Introduction

The objectives of the Stanford Unsteady Turbuleat Soundary layer
Program are: to develop a fundamentsl understemdiag of such flows, to
provide a definitive huhaﬂehmh“ummm
developnent, and ummunammhmh“hmm
coaparison with ’nucum.

Dua to spece limitatioss, work of other iavestigators will met Ve
summarized here, emcept to note that all the previows esperimsats asre
characterised by unsteady flow at the ialet to the wneteady Tegioa. Jer o
comparison of the preseat experimental parntm reuge with theote of otiar
investigations, see Baference 1. The distisstive Sesture of tha pressat
experimsuts is that thm:umn:hmubmm '
1s a standard, sgtesdy, flat-plate turbulest bewiilary layer’ Ix de then
subjested to centrelled oscillations of the frus steei. This fesiure is
especially iampectsat frea the poist of view of o supuber, whe uitde pre-
cise specifisation of boundary conditicns for computation of tie flew.

-'l.s.kqmmhm.mw‘.u 9"
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Free~-Strean Bo Condi of the Prest t

The desired free-stresm velocity n..(:.c) in the water tumisl builc
for this work is shown im Pig. 1. u, ressins gteady and waiforn for the
first two meters of bowanddry layer develogneat. It then-decresses lin~
early in the test section; the magnitude of ths velocity gradieat vacies
sinusoidally from sefo to a maximum valus during the oscillation cyele.
The mesn free-stremm velocity distribution in the test section is thus
linearly decressing and corresponds to the distributiocn at the cycle phase ]
angle of 90°, while the smplitude of .imposed free-stresm oscillations .
grows linesrly in the stresmwise directiom, starting at sero at the
entrance to a maximm value of 8, at the exit. Hence,

u(x,t) = u, 0 : =< =z
a,(xx)
- ——r—-[l-euu:] x°<x<z°+l.

The hp‘ortqnt par-ctcu of this problem are the amplitude parameter
a = ay/u, , and the frequency persmeter: B, = f£§ Iu.° Haze £ =
w/(2%) and &, 1is the thickness of the boundary layer at the inlet to
the unsteady rcgion. In the preseant experiments:

o.’0-0.73lla, §, = 0.05 m, 0(!(2hl, 0 <ac<0.25, 0< 8;<0.14

It should be mentioned that the valus of the frequency parsmeter 8,
at the so-called “bursting frequency” ia turbulent boundsry layers 1is
about 0.2 [2]). Thus the imposed oecilistion -frequeacies “used in the
present experiments cover the range from quasi~steady (f = 0) to valuas
approaching the bursting frequency. The results reperted hare are for two
non~dimensional amplitudes, o = 0.05 and 0.25 (unominally). The latter
is sufficient to csuse reverse flow in a turbulent uuuty layer at the
end of the test section dnuu 8 part of tlu oscillation cyeu

Bx al Pacilitc :

Pigure 2 is s schematic of the facility. The 16:1 nossle coutraction '
is followed by a 2 m long development sectiom, wheve the tast boyudary
layer is grown on the top wall. A cesstast head sad a comstant flew te-
sistance provide & constant flow . The free-stresm velocity ia the devel-:
omtmmnumwmm wwmmmr

The lisear decteass ia free-stress nmtty ia the test muu lal;w: o
sccomplished by wniforaly bleedisg off some flow throwgh the botten il
1in the test section. The remsivder of the flu exits m
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The design ensutes that, ragaxdless of ths position of the ocesillatdsg
plate, -the total flow ares of the slets remaine the same. ‘Whe’siots ate
the controlling resistance of the entive fluid eivouit, hesss the sosstest
flow. By sinusoidally cecillating the plate, a limssrly decressing Puedi~
odic free-stresm distridution-is established in the test section, whilh
the upstresm flow in the developmeut section remsins steady. '

Measuremsnt and Data-Processing m' -

Pitot tubes are usad for mean wvelocity msasurements in stesdy flow
regions. Unsteady velocity ssasuremests use ‘s single-cheasmel, forwand~
scatter, Bragg-shifted DISA laser anemomater ian tha trackiag neode.

Followiag Mussain and Reynolds [3], the instsatanecus velocity sigmal
from an unsteady turbulest flow may be decomposed iato three parts:

¢« = Teuta ‘ Q)
where u is the mean, § 1s the time-dependent, organized (determimtstic)
component, and u' is the randos fluctuation. 6 1s determimed by long-
time averaging of u. Rere U is of a periodic nature and may b¢ deter-

uined by first phase-sveraging the imstsutssecus velocity signal and thes
subtracting out the mean. Thus,

u=<Cu>-% @)
Here < u >, the phase average v.loctcy, is determined by averaging over
an ensemble of ssmples taken at a fixed phase in the isposed ostillstiocm.
In the presest experiments, with harmonic oscillstion of the fres stress,
the respomse at points withia the bowsdery layer is almost ciswsetial,
with higher hermonice ceatributisg less thea 53. Newce, Uiy sles %

extracted frem the iasteasencsus sigasl u Uy crese-corvilstion with &

sise wave ia phese with the sesilistisa. A digfeal correlster (WP 3721A)
wes ueed to determime cross-cottelstions lesdfisg ¢ tie e Tagortel

here. Currestly s DG NINC~11 MWMM“M”
astomatic data soquisition snd prosessing, Mmma’

phuwol-ul-" .
The ssesurensats teperted m were Sahed w s m Wa
location mear the oud of the test sestien st 2 =%, = 0588 m.

‘6-:;“

aulhuu’uh-.
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fixed positions © = O, 90°, 180" are fit by Ssthed curves in Tig. 3.
These represent  phase-sveraged -puofiles at ‘sete "m-'.*l.i.. quste: -
steady profiles. At this awplitude (s = 0.05), the m ‘of the
bowndary layer is- almoet liunsar, 80.thst ths.prifile strresp g to 0=
90° 1les nesrly midwey betwess the 0 = 0 i 180° profilss. The 90°
profile represents the mesn profile for qussi-steedy oscillstioms. The
difference between the 0 and 90° profiles at s fized y-locstion
npumu the smplitude of quasi-stssdy oscillatfons st thit loéstics ia

he-boundary- layer. Note that tha quasi-dteady- ‘plitﬂ.l 1n the boundary
upr are larger then the free-stresm amplitude.

The mean velocity profiles messured undir oscillacory m:uu at
0.5 he and 2.0 hs are shown as data points in Fig. 3. Note that the
mean velocity profiles st various frequencies are identical with the pro-
file messured under stationary condition with pulser angle set at 0 =
90°. It may be concluded that the wean velocity profile (at a fixed ol
plitude a = 0.05) is independent of the imposed oscillation frequency in
the entire range O < £ < 2 hs. m sams bebavior pcuuu all the way up
to the well. | ' , L

Thts Sehavior of the mesn velocity profile msy be explained by sa
exeminstion of the governing equations. Use of (1) in the mcmeatws oqu-
tion and .u—-muguf. yields -

l-r‘-# 'r -a-ov -’-w[.‘v# ﬂ]

mcm(a)mhxmwummmumw
bulest boundary layer, exsept far the sddicion of the term. W, which.
mmnmmmehmm
The tine-nesa pressurs gradient mu mﬁ“ﬁhmr
dent of ths impoded cecillation frequency dsd ths omme o5 that obtwined -
for £ =20 ot ¢ = 9.  Thessfere, mmmmmua
zmuumumcmdm
T dtorivacion se psaide sevese T to alturet sl WA
uryudnuu d““nmm-!
© The Meysside strese W W“W
mmmna




We shall now argue that neither of the above roqur-nu 1s mat.” nm
4 shows the measured distriduticn of Utng usder mttmy eoul:lcm
with the pulser at 6 = 90° (m-mnumwunnutbu-u-
sured under oscillatory conditions .at frequencies up to 2 hs. lon that ..
“no is independent of the llpud oscillsation My M, further,
that it is the same as that messured at £ = 0 and O = 90°, ﬁmm
that the same-would be true for G'V™, which at present we csamot mes-
sure. Figure 5 gives s comparison between measured values of g at 2 hs
with data on. W'V’ obtained by Anderscn {4] in a stesdy adverse pressure
.udi.u: boundary layer at comparable conditiocns. The prmnt dats on -
uv were .obtained -by -separate: LDA. messurements ‘of - uad v and their
respective phases. It may be seen that the contridution of uv_ to total
Reynolds stress is insignificant over almost the enmtire boundary layer.
Bence, V' 1is independent of frequency and uv 1s negligible, and so
the mean velocity profile is also independent of frequency and is the same
as thet found at £ = 0 with 0 = 90°,
The behavior of the periodic component @ will next be examined. We
denote .
U = a(y) coslut + ¢(y)) ")

The profiles of smplitudes a; wmeasured in ths boundary layer and normal-
ized by the free-stresm amplitude a; o ore shown 1a PMg. 6. The profile
for quasi-steady (f = 0) oscillations was determined, as explained ear-
lier, from the mean velocity profiles messured -at- £ = 0 with 0 = O,
90°, and 180° (see Pigs. 3(a), (b)). Note that, during quasi-steady
oscillations, the emplitude in the boundary layer excedds the fres-astraea
amplitude by as much as 70%3. It may be mentioned that data for £ = O.1 -
he, sot shown on Fig. 6, do indeed come very close to the quasi-stesdy
Inh.v:lor. ) y ..
As the frequency 1is :I.nctlml. the amwplitude withia the boundary
layer is attesuated. The amplitude appears to dvop as £ 4is iucreseed
and thes rise agatn. At high frequencies, the smplitude ia wost of the
boundary lasyer {s the sams as in the free-stresm; msar ths wall the ampli-
tude of the pericdic component rapidly drops to eero. R
The phase differences between the boundary u!'ﬁ' mnhﬁm ol -
free-stream oscillations are shown in Pig. 7. Por £ = O chave is no
phase differemce. The largest phase lags ia ths outer region of the
boundary layer were observed at £ = 0.25 s, Te o!!ut of Licvensing
the frequency is to reduce ths phase lag 1A tim m,,m bt o
-5 S ‘
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introduce large phase Jlesds in the region very closs to ths well.
Clesrly, the asymptotic behavior of the outer.regiom for high frequencies
is once again a sero phase lag with respect to free-stresm oscillations,
a8 ia the-quasi-steady-case:

At high frequencies, the ctombination o!-tb--ug-puue behaviors of
31111".. and - ¢ in the outer region together-with the .fact that. the mean
velocity profile is unaffected. by imposed- oscillations, has the effect. of
freesing the -boundary layer thickness. This is shown in Fig. .8, where the
phase~averaged boundary layer thickness < 6.9, > 41s plotted as a func-
tion.of -the cycla: phase angle for. several. frequencies.. The quasi-stesdy
belavior of - < 6‘” > 4is quite:.obwiocus:. at 8 = 0, the.boundary. layer
iz the test section continues- to develop-under a sero .pressure gradient
and 1s the thinmest at this point in the entire cycle. As the phass angle
is 1screased, pressure gradients of :luer“.in. adversity are imposed on
the bowndary layer, csusing it to thicken. The maximum thickness is at-
taissd st 0 = 130° under the saximwm adverse pressurs gradient. Hence,
at £ =0, 4 oscillates 180° out of phase with u,.

Uader oscillatory conditions st £ = 0.25, 0.5, and- 2.0 hg, two
thiags happen: a significant phase lag develops from quasi-steady behavior
and the amplitude sttenuatss with increasing frequency. For the £ = 2.0
hs case, the variation over .the—complete-cycleis less than 1% and the
bouadary layer thickness 1s practically frosem during the oscillation
cycle. : :

It may be shown by a simple argument based on s mixing length model
of boundsry layer turbulence that the freezing of the boundary layer
thickness at high frequencies is also accompanied by freesing of the Rey-
nolds stress over the oscillation cyecle. 1o prove this, we hypothesize
that the phase-sveraged Reynolds stress distribution may be related to the
phase-averaged velocity profile in the same manner as for s steady bound-

ary layer, 1.e.,
~Cu'v' > = e 3..%2 . o6 = ;3|‘.<.,§?.| )

Now, ia the unr.m' a of the boundary layer, the mixing length 2 wmay:
be modeled s»

N R X (6)
vhere ) is nearly a comstaut. Now,

Cud = g+ = T+ a (y) cosfut + ¢(y)) ¢}
-fe




However, in the high-frequency limtt,
() =a  =comst; Hy) =0 and <8 59> =T oo« const.  (8)

1.;_,3; - -%— Y« 2

Wu.

Combining the above, ons finds

-Cuv> = ).2 .” [’7"] a0)

i.e., the phase~averaged Ilynoldl stress in the outer region also becomss
frosenm st - u'v'.

Experimental evidence of this stress-freesing behavior was obtained
by measurements of phase-averaged norsal turbulent stress < n'z >. The
quesi-steady (f = 0) profiles of < u'? > are shown in Pig. 9 for three
phase angles O = 0°, 90°, and 180°. MNots that the distribution for 90°
lies nearly midway betwsen those for 0° and 180°. The distribution of
< u?> for 9° 1s the same as the distribution of u'‘, as seen
earlier. Therefore, the difference between the 0° and 90° curves in
7ig. 9 represents the amplitude of quasi~steady oscillations of < ul >
at any point in the boundary lsyer. This amplitude was determined graph-
ically from Fig. 9 aud is plotted in Fig. 10 for the case of f = 0.
Under oscillatory conditions, the amplitude of the normal stress oecil-
lations in the boundary layer attenustes as the frequency of imposed oe
cillations is increased from f = 0. At £ = 2.0 hs, the amplitude of
stress oscillations across the boundary layer 1s slmost szero over the
outer region, as seen in Fig. 10, f.e., the stress is almost froméa over
the oscillation cycle. ' '

quvduemtbuuot c-o.zs._ n:«urmum:u-
cass are prelimisary end swbject to revision. Thay are included here
because of their epscial isterest to this westing. Aleo, becawsa of
spparatus peceliaritiss, o varfes comwist with f ia this case,
hesce 0.23 1is only & meminsl valve.

The behsvior is qualitstively sistlear to thd o = 0,03 csin. The
msen wvelocity profiles for £ = 0, 0.5, 0.5, and a.on mchunu
Mig. 11. DlNote that ths peofiles ares ddentical for tie casss of £ = O,
0.5, and 2.0 hs. DPor ths csse of £ = 0.2, Dhowever, thers is &

-l
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i awesw. SigBAficant. "m.u.-‘hnmim“«‘h»m;h”v. . Dhis dowi~r . .- , -
ation results from excessive thickening of the boundary layer during &
pert of the oecillation cycle around the phase angle of 180°. The block~ v
age effect of - sn-excessively -thick m layer causes -en increass in -
the local free-streama velocity ia the test section. Therefore, the
deaired linearly decreasing free-streasm velocity distributicn -is Bvet .
achieved over & part of the cycle. . At. higher frequencies,. though, the
boundary. layer thickness over 'the entire -oscillation cycle deviates very
1little from its mean value, corresponding to the 6 = 90°, £ = 0 con~
dition.

The-behavior .of : tha amplitude ratio and phase- difference with respect
to- fres-otream, as showm in: Pigs. 12 and 13, is quites similar to that for
' the lower-amplitude casa. At high frequency, the overshoot in the ampli-
tude ratio disappears and phase angles over most of the boundary layer
approach szero. Very close to the wall, there is a tendency to develop
phase leads. ‘
The phase—averaged velocity profiles for £ = 2.0 hs are shown in
Fig. 14. Note that at 0 = 180° there is a small region of reversed flow
close to the wall. Despite this flow reversal, the boundary layer thick-
ness remains close to its mean value, as seen in Fig. 15. This behavior
1s 1n contrast to that of a steady boundary layer, where excessive thick-
ening of the boundary layer occurs as flow reversal is approached. At
low frequency (f = 0.25 hz), the thickness oscillates as-auch as + 40X .
sbout the mean value; however, at f = 2.0 hs this variation is only

A
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about t 5Z%.
e | Conclusions 4
5, : The conclusions from our experiments to date may be summarized as
’ ! follows:
1. The mean velocity profile in the boundary layer is unaffected by
}; imposed free-stream oscillations in the range of frequencies o=
e ployed, and 1t is the ssme as the one measured with a free-streaam

velocity distribution held steady at its mean valus.

= 2. This behavior of the mesn velocity field is a counsaquence of two
. observatious: (a) the time-sveraged Reyunolds stress distributiom L
across the boundary layes is unaffected by the imposed oscillatiomns A
and is indeed the same as' the one msasured with the free-stream vel-

ocity distribution held steady at the mean valus; and (D) the Rey- ]
nolds stresses arising from the organized velocity fluctuations under ‘
imposed oscillatory conditions are negligible compared to the Rey-

nolds stresses due to the random fluctustions.




quasi-steady oscillations (£ + 0) 1is as much as 70X larger than the
imposed free-stream amplitude. However, at higher frequencies the
peak smplitude in the boundary layer -is rapidly attenuated toward an
asymptotic behavior where amplitudes in the outer Tegion of the
boundary layer becoms the same-:as .the free-stresm asamplitude, dropping ..
off to sero in the near-wall region.

4. Quasi-steady bdoundary layer velocity response is in phase with the-
imposed: .free~stream oscillations.:. As the. frequency -is increased,
phase lags begin to develop -in--the:.outer ‘region- of - the-boundary
layer. The magnitude of. this phase . lag reaches a maximum and .then
decreases with increasing frequency until .an asymptotic limit is
reached - vhere the outer regionm once again responds in phase with the
free stream. Near ths wall, however, large lead angles are present
at higher oscillation frequencies:-

”j S. A consequence of (3) and (4) above is that the boundary layer thick-
3 ness becomes nearly frozen over the oscillation cycle at higher fre-
g quencies. This remains true even if flow reversal takes place in ths
: near-wall region over a part of the oscillation cycle, as in the
large-amplitude case.

6. A consequence of (3), (4), and (5) above is that the Reynolds stress
3 distribution -in the -outer region of the boundary layer also becomes
Y frozen over the oscillation cycle at higher frequencies.

i 3. The amplitude of the periodic component in the boundary layer under i
A
%
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16. Abstract

NTMS paper reports experiments on an unsteady turbulemnt boundary layer.
The upstream portion of the flow is steady (in the mean). In the downstream
" region, the boundary layer sees a linearly decreasing free-stream velocity.
is velocity gradient oscillates in time, at frequencies ranging from zero
o approximately the bursting frequency. Considerable detail is reported for
low-amplitude case, and preliminary results are given for a higher suplitude
ufficient to produce some reverse flow. For the small amplitude, the mean
elocity and mean turbulence intensity profiles are unaffected by the oscilla-
ions. The amplitude of the periodic velocity component, although as much as
0% greater than that in the free stream for very low frqmc:lu, becomas
qual to that in the free stream at higher frequencies. 'At high frequemciss,
th the boundary layer thickness and the Reynolds stress distributicn across
he boundary layer becomes frozen.. The bhehavior at higher qutuh h quite
similar. Most importantly, at sufficiently high frequencies, the
yer thickness remains frozen at its mean value over the oscillation cycle,
en though flow reverses near the wall during a part of the cycle.
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